Associations between nicotine in cigarettes and food consumption may alter the incentive value of food such that food cue-reactivity is exaggerated during abstinence from smoking. This effect may contribute to the weight gain associated with cessation of smoking. We examined the effects of nicotine (0.4 mg/kg base subcutaneous) paired (NPD) or unpaired (NUP) with 10% sucrose self-administration (SA; 0.2 ml/delivery, 1 h/day for 10 days) on SA response rate and intake as well as sucrose cue-reactivity following either 1 or 30 days of forced abstinence. Rats were administered the training dose of nicotine prior to a second, consecutive cue-reactivity session. NPD rats responded at over three times the rate for sucrose and earned nearly twice the number of sucrose deliveries as NUP rats or saline controls. Sucrose cue-reactivity was greater after 30 days versus 1 day of forced abstinence for all groups. History of nicotine exposure had no effect on sucrose cue-reactivity. However, the subsequent injection of nicotine increased sucrose cue-reactivity only in the NPD groups. There were no abstinent-dependent effects of nicotine challenge on sucrose cue-reactivity. A study conducted in parallel with water as the reinforcer revealed a less dramatic effect of nicotine on intake. There was no history or abstinence-dependent effects of nicotine on water cue-reactivity. Nicotine increases the reinforcing effects of sucrose and sucrose-paired cues when nicotine is present. An implication of these findings is that relapse to nicotine (cigarettes) could substantially elevate food cue-reactivity.
INTRODUCTION
Quitting smoking predicts weight gain and an increase in waist circumference in both men and women (Perkins 1993; Pisinger & Jorgensen 2007) . There are likely several biological factors that contribute to this increase in body fat, including insulin resistance (Chiolero et al. 2008) ; however, some of the increase may be related to changes in the reinforcing properties of foods due to their association with the nicotine in cigarettes. For example, it has been reported that nicotine can come to serve as a discriminative stimulus (Palmatier & Bevins 2008) or appetitive conditioned stimulus (CS+) (Murray & Bevins 2007) for sucrose if nicotine has been associated with sucrose availability. While exposure to nicotine has been shown to increase sucrose intake (Jias & Ellison 1990; Smith & Roberts 1995) , it is not clear if nicotine paired with sucrose intake enhances subsequent sucrose cuereactivity. Furthermore, it is not clear if exposure to nicotine following a period of abstinence from sucrose will affect sucrose-seeking behavior.
One approach for examining the primary and secondary reinforcing effects of drugs and food in rats is the self-administration (SA) paradigm where rats respond for a reinforcer in daily training sessions and then respond for cues associated with the reinforcer under extinction conditions. The former (training) conditions examine primary while the latter (extinction) conditions examine secondary reinforcement. In the present study, we examined both primary and secondary reinforcing (cuereactivity) qualities of sucrose in rats that were injected with nicotine immediately prior to sucrose SA sessions. To evaluate potential state-dependent or discriminative stimulus effects of nicotine, we included comparison groups that had nicotine exposure not paired with sucrose SA. A comparison was also made with rats given access to water SA to determine how nicotine might have specific effects on sucrose reinforcement. Locomotor activity was measured as an indication of conditioned locomotor activation and/or nicotine-induced locomotor activation and sensitization.
A 1-or 30-day forced-abstinence period was included as a final variable in the study. Length of forced abstinence has been found to be a key predictor of operant responding for cues previously associated with either drugs of abuse or sucrose SA in rats (Grimm 2011) . As a variable in the present study, the length of forced abstinence was included to determine if this 'incubation of craving' for sucrose would be affected by previous exposure to nicotine. Incubation of craving may be a critical factor in relapse for humans and, in fact, has recently been observed in smokers abstaining from cigarette smoking (Bedi et al. 2011) .
MATERIALS AND METHODS

Animals
One hundred forty-eight male Long-Evans rats (3 months old at the start of study; Simonsen-derived) bred in the Western Washington University vivarium were housed individually on a reverse day/night cycle (lights off at 7 AM) with nutritionally balanced Purina Mills Inc. Mazuri Rodent Pellets (Gray Summit, MO, USA) and water available ad libitum except as noted below. Rats were weighed the day prior to their first saline or nicotine injection (see below) and then each subsequent Monday, Wednesday and Friday for the duration of the experiment. Immediately prior to the training phase, the animals were deprived of water for 17 hours to encourage SA on the first day of training. Rats were then returned to ad libitum water access. There were 12 separate groups of rats in the study created by independent variable levels defined in subsequent sections: SA (2), training drug (3) and forced-abstinence period (2). As indicated in the figure captions, final n's for these groups ranged from 11 to 13 animals each. All procedures followed the guidelines outlined in the 'Principles of laboratory animal care' (National Institutes of Health publication no. 86-23) and were approved by the Western Washington University Institutional Animal Care and Use Committee.
Apparatus
Operant training and testing took place in operant conditioning chambers (30 ¥ 20 ¥ 24 cm; Med Associates) containing two levers (one stationary and one retractable), a tone generator, a white stimulus light above the retractable lever and a red house light on the opposite wall. An infusion pump delivered sucrose or water into a reward receptacle to the right of the active lever. Four photobeams crisscrossed the chamber. Operant conditioning chambers were enclosed in soundattenuating cabinets with ventilation fans.
Drug
Nicotine hydrogen tartrate salt (Sigma-Aldrich, St. Louis, MO, USA) was dissolved in saline to 0.4 mg/ml (free base) to be injected subcutaneous (SC) at 1 ml/kg. The pH was adjusted to 7.0 Ϯ 0.2 with NaOH. This dose of nicotine was found previously to serve as a CS+ (Murray, Penrod & Bevins 2009 ). With a half-life of 45 minutes (Matta et al. 2007) , the daily nicotine injection would be expected to be effectively cleared before the next injection.
Procedure
Nicotine administration
On the 3 days prior to the first day of the training phase, all rats received SC injections of saline or nicotine in their home cage to acclimate the animals to receiving injections and to develop tolerance to the acute locomotor depressant effect of nicotine (Clarke & Kumar 1983; Besheer et al. 2004 ). There were three training drug treatment groups. Saline-treated (Saline) rats were injected with saline every day of training both 5 minutes prior and 3 hours following each SA session. The two nicotine-treated groups were injected every day of training either 3 hours following each SA session, nicotine unpaired group (NUP), or 5 minutes prior to each SA session, nicotine paired group (NPD). For the nicotine groups, saline was injected at the other timepoint (5 minutes prior or 3 hours following SA).
Training phase
Rats spent 1 hour/day for 10 consecutive days in operant conditioning chambers where they were allowed to press the retractable (active) lever for a 0.2 ml delivery of either 10% sucrose or tap water into the receptacle to the right of the lever. This response also activated a compound stimulus consisting of the tone 92 kHz, 15 dB over ambient noise) and the white light. The compound stimulus lasted for 5 seconds and was followed by a 40-second time out, during which presses on the active lever were recorded but had no programmed consequence. A response on the inactive (stationary) lever did not have a programmed consequence, but responses were recorded. The total number of photobeam breaks was recorded during all phases of the study. At the end of each session, rats were returned to home cages.
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Forced-abstinence phase
The 1-or 30-day forced-abstinence phase began as the first day ('Day 1') following the 10th day of the training phase. Rats were housed in home cages for the duration of the forced abstinence.
Testing phase
On Day 1 or Day 30, rats were tested in the operant conditioning chambers for sucrose or water cue-reactivity. This session was identical to the 1-hour training procedure, except that the sucrose or water was not delivered following a lever response. The testing phase consisted of two 1-hour sessions separated by approximately 5 minutes. A saline challenge (Sal) injection preceded the first session by 5 minutes and a nicotine challenge (Nic) injection preceded the second session by 5 minutes.
Statistical analyses
Body weight
Pre-experiment body weights were compared using oneway analysis of variance (ANOVA) across independent variables DAY (1 or 30), DRUG (Saline, NUP and NPD) and SA condition (water or sucrose) to verify that groups were statistically equivalent to start with. Body weights were then compared across the training phase (5 data points) using three-way repeated measures (RM) ANOVA with the between-group factors of DAY, DRUG and SA. This same statistical procedure was used to compare body weights across the forced abstinence period (13 data points) for those rats to be tested on Day 30 of forced abstinence.
Training phase
Water and sucrose SA groups were analyzed separately. Active lever responses, number of reward deliveries, inactive lever responses and photobeam breaks during operant training were analyzed separately using two-way RM ANOVA of the 10 days of training using betweengroup factors of DAY and DRUG. The DAY analysis was used to verify that DAY groups received equal training.
Testing phase
Water and sucrose SA groups were analyzed separately. The effects of treatments for the active lever responses, inactive lever responses and photobeam breaks were evaluated separately using two-way RM ANOVA. Factors were TIME, DAY and DRUG. For all ANOVAs, post hoc comparisons were made with LSD tests. ANOVAs were calculated using SPSS version 18.0. Descriptive statistics were calculated in Excel 2010.
Group data are presented as means Ϯ standard errors of the means in the text and figures. For statistical comparisons, P < 0.05 was the criterion for the statistical significance. In general, only the statistics for significant effects and interactions are indicated in the text.
RESULTS
Of 148 rats that were trained for sucrose SA, 6 were removed from the study because of mistakes with injections during training conditions. This left 142 subjects for analyses. There were no SA acquisition criteria for this study. Final group size ranges are indicated in the figure captions.
Body weight
Initial body weights of the rats were 390.2 Ϯ 3.1 g.
Final body weights for rats tested on Day 30 of forced abstinence (n = 70) were 456.4 Ϯ 3.3 g. Initial body weights did not differ across the assigned conditions. Rats gained weight over the 10 days of training F (4, 520) = 344.4, P < 0.001 and there were significant interactions of TIME and DRUG F (8, 520) = 2.4 as well as TIME and SA F (4, 520) = 3.1, P's < 0.05. Post hoc evaluation of these interactions did not reveal significant effects. Visual inspection of these data revealed that nicotine-treated rats and rats pressing for water gained slightly more weight over the first few days of training, but the differences disappeared by the end of the 10-day training period (data not shown). Rats gained weight over the month of forced abstinence TIME F (12, 768) = 380.1, P < 0.001 and there was a significant interaction of TIME and SA F (12, 768) = 2.0, P < 0.05. Post hoc evaluation of this interaction did not reveal significant effects.
Training phase
Water SA
Active lever responding, number of rewards and inactive lever responses all decreased over the training phase with all TIME F (9, 585) values >10.0, P's < 0.001. For each of these measures, there were also significant effects of DRUG with F (2, 65) values >9.0, P's < 0.001. Post hoc analyses indicated that the NPD group responded more than the other groups ( Fig. 1 ).
Photobeam breaks increased over the training phase for the NPD group but decreased over the training phase for the other groups indicated by significant effects of TIME F (9, 585) = 5.8, TIME and DRUG F (18, 585) = 13.2 and DRUG F (2, 65) = 75.2, all P's < 0.001 and significant post hoc tests (Fig. 1 ).
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Active lever responding and number of rewards increased over the training phase with TIME F (9, 585) values of 21.8 and 43.6, respectively, P's < 0.001. For these measures, there were also significant effects of DRUG with F (2, 65) values of >15.0, P's < 0.001. For active lever responding, there was also a significant interaction of TIME and DRUG F (18, 585) = 1.8, P < 0.05. Inactive lever responding decreased over the training phase TIME F (9, 585) = 22.1, P < 0.001, and there was a significant TIME and DRUG interaction F (18, 585) = 1.7, P < 0.05. For all of these measures, post hoc analyses indicated that the NPD group responded more than the other groups (Fig. 2 ).
Photobeam breaks increased over the training phase for the NPD group but decreased over the training phase for the other groups indicated by significant effects of TIME F (9, 585) = 3.2, TIME and DRUG F (18, 585) = 9.3 and DRUG F (2, 65) = 119.3, all P's < 0.01 and significant post hoc tests (Fig. 2) .
Testing phase
Water SA For active lever responding, there were significant effects of DAY F (1, 65) = 4.1, P < 0.05 and DRUG F (2, 65) = 6.2, P < 0.01. There were also significant TIME and DAY and TIME and DRUG interactions [TIME and DAY F The effects of nicotine injections on water self-administration. Saline rats were injected with saline [subcutaneous (SC)] 5 minutes prior and 3 hours after each 1-hour session wherein responding on the active lever resulted in a 0.2 ml delivery of water along with presentation of a tone + light stimulus. NUP and NPD rats were treated similarly except NUP rats received nicotine (0.4 mg/kg SC) 3 hours after each session and NPD rats received nicotine 5 minutes prior to each session. Overall effects of DRUG are indicated with an underlined * where NPD rats responded more than NUP or Saline rats; individual *'s indicate significant post hoc differences where NPD rats responded more than NUP or Saline rats, P's < 0.05. Group n's were 22-25 animals each. Means Ϯ standard errors of the means are indicated on the figure   4 Jeffrey W. Grimm et al. (1, 65) = 15.4, P < 0.001; TIME and DRUG F (2, 65) = 4.0, P < 0.05]. For inactive lever responding, there were significant effects of DRUG F (2, 65) = 6.1, P < 0.01, TIME F (1, 65) = 4.1, P < 0.05, and a significant TIME and DRUG interaction F (2, 65) = 5.9, P < 0.01. There was a significant effect of DRUG for photobeam breaks F (2, 65) = 24.1, P < 0.001 and significant TIME and DAY and TIME and DRUG interactions [TIME and DAY F (1, 65) = 48.6, P < 0.001; TIME and DRUG F (2, 65) = 37.9, P < 0.001]. Active lever responding, inactive lever responding and photobeam break data are indicated in Fig. 3 . Overall results of post hoc tests are indicated on the figure. Briefly, active lever responding was greater following 30 days of forced abstinence, but only in the first (Sal) hour of testing. Acute nicotine (Nic) reduced active lever responding in rats with a history of saline injections but did not alter the responding of rats with a history of nicotine injections. Considered as a between-group comparison, rats with a history of nicotine injections responded more for the water-paired cue following acute nicotine than rats with a history of saline injections. Because of the large number of groups, the within-group component of the study and the two-way interactions, results of between-group post hoc comparisons are summarized on The effects of nicotine injections on sucrose self-administration. Saline rats were injected with saline 5 minutes prior and 3 hours after each 1-hour session wherein responding on the active lever resulted in a 0.2 ml delivery of sucrose along with presentation of a tone + light stimulus. NUP and NPD rats were treated similarly except NUP rats received nicotine (0.4 mg/kg subcutaneous) 3 hours after each session and NPD rats received nicotine 5 minutes prior to each session. An overall effect of DRUG is indicated with an underlined * where NPD rats responded more than NUP or Saline rats; individual *'s indicate significant post hoc differences where NPD rats responded more than NUP or Saline rats, P's < 0.05. Group n's were 22-25 animals each. Means Ϯ standard errors of the means are indicated on the figure
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Sucrose SA
For active lever responding, there was a significant effect of DAY F (1, 65) = 10.3, P < 0.01. There were also significant TIME and DAY and TIME and DRUG interactions [TIME and DAY F (1, 65) = 5.5, P < 0.05; TIME and DRUG F (2, 65) = 21.7, P < 0.001]. For inactive lever responding, there was a significant effect of DRUG F (2, 65) = 3.9, P < 0.05, and a significant TIME and DRUG interaction F (2, 65) = 4.0, P < 0.05. There was a significant effect of DRUG for photobeam breaks F (2, 65) = 19.8, P < 0.001 and significant TIME and DAY and TIME and DRUG interactions [TIME and DAY F (1, 65) = 8.7, P < 0.01; TIME and DRUG F (2, 65) = 26.6, P < 0.001]. Active lever responding, inactive lever responding and photobeam break data are indicated in Fig. 4 . Overall results of post hoc tests are indicated on the figure. Briefly, active lever responding was greater following 30 days of forced abstinence, but only in the first (Sal) hour of testing. Acute nicotine (Nic) reduced active lever responding in rats with a history of saline injections but increased the responding only of rats with a history of nicotine injections that preceded sucrose SA sessions. Considered as a between-group comparison, rats with a history of nicotine injections preceding sucrose SA sessions responded more for the sucrosepaired cue following acute nicotine than rats with a Responding during two consecutive Test sessions where active lever responses produced a tone + light stimulus previously associated with water self-administration. Rats were injected with saline (Sal) 5 minutes prior to the first 1-hour session and nicotine (Nic) 5 minutes prior to the second 1-hour session. Between-group comparisons (text) refer to either a significant effect of length of forced abstinence for all rats when challenged with saline on the Test day, or an effect of drug treatment history (Saline, NUP or NPD) on the animals' response to either Sal or Nic. A unidirectional arrow indicates a significant increase or decrease in responding following the acute nicotine challenge for that drug treatment history group (Saline, NUP or NPD) compared with the response following saline, regardless of day of forced abstinence. A double-headed arrow indicates no significant change in responding. All post hoc results indicated were statistically significant at P < 0.05. Group n's were 11-13 animals each. Means Ϯ standard errors of the means are indicated on the figure   6 Jeffrey W. Grimm et al. history of NUP, and those rats responded more than rats with a history of saline injections. Details of these tests are provided in the caption for Fig. 4 . As with Fig. 3 , results of between-group post hoc comparisons are summarized on Fig. 4 as text and results of within-group comparisons as arrows.
DISCUSSION
Two main findings emerge from this study. First, nicotine received 5 minutes prior to a SA training session increased responding for water or sucrose, and the effect was paralleled by increased inactive lever responding and locomotor activity. Second, nicotine received 5 minutes prior to a test session enhanced responding reinforced by a sucrose-paired cue, but not a water-paired cue, significantly more in rats with a history of nicotine preceding SA access. This effect was similar both in rats 1 and 30 days into forced abstinence from sucrose SA.
Training phase
Although rats responded for either water or sucrose, the pattern of sucrose SA contrasted sharply with that for water SA. Specifically, rats did not appear to acquire water SA as would be typically defined. Active lever response rate actually decreased across the 10 days of training and response rates on the active and inactive levers were similar (Fig. 1) . In contrast, responding for sucrose increased over training and responding on the active lever was several-fold higher than on the inactive lever Responding during two consecutive Test sessions where active lever responses produced a tone + light stimulus previously associated with sucrose self-administration. Rats were injected with saline (Sal) 5 minutes prior to the first 1-hour session and nicotine (Nic) 5 minutes prior to the second 1-hour session. Between-group comparisons (text) refer to either a significant effect of length of forced abstinence for all rats when challenged with saline on the Test day, or an effect of drug treatment history (Saline, NUP or NPD) on the animals' response to either Sal or Nic. A unidirectional arrow indicates a significant increase or decrease in responding following the acute nicotine challenge for that drug treatment history group (Saline, NUP or NPD) compared with the response following saline, regardless of day of forced abstinence. A double-headed arrow indicates no significant change in responding. All post hoc results indicated were statistically significant at P < 0.05. Group n's were 11-13 animals each. Means Ϯ standard errors of the means are indicated on the figure Nicotine and sucrose 7 (Fig. 2) . As nicotine preceding water or sucrose SA sessions enhanced responding in a non-selective manner (increased number of rewards, lever responses and photobeam breaks), these data could be interpreted as an indication of a general non-specific enhancement of activity. An alternative hypothesis is that nicotine enhanced the incentive motivational properties of the SA context in general. This interpretation fits with a conception of nicotine as a drug that not only has reinforcing effects of its own but also can enhance the reinforcing value of other stimuli (Caggiula et al. 2009 ). Nicotine has been demonstrated to enhance responding for various stimuli, including non-food or drug stimuli such as a stimulus light (Palmatier et al. 2006 ) and alcohol (Lê et al. 2003; Bito-Onon et al. 2011) , and to enhance Pavlovian discriminative approach behavior (Olausson, Jentsch & Taylor 2003) . In the case of sucrose, nicotine may have further enhanced the already high incentive value of sucrose, leading to the high rate of responding for sucrose in the NPD animals. This effect complements previous reports including one where rats implanted with nicotine pellets drank more sucrose than controls (Jias & Ellison 1990 ) and one where rats were found to respond at higher rates for a combined solution of sucrose and nicotine, as opposed to sucrose alone (Smith & Roberts 1995) . The enhancement of incentive salience for environmental cues and primary reinforcers by nicotine could be due to pharmacological enhancement of neural pathways underlying incentive motivation. Nicotine has been shown to affect a presumed substrate of incentive motivation, mesolimbic dopamine (Xi, Spiller & Gardner 2009 ). Acute nicotine elevates dopamine levels in the nucleus accumbens (Reid, Ho & Berger 1996; Shearman et al. 2008; Kleijn et al. 2011) and in the hippocampus (Shearman et al. 2008) . Interestingly, studies with operant intake of food pellets actually reported decreases in responding following nicotine (Goldberg et al. 1989; Lau, Spear & Falk 1994; Shoaib et al. 1997) . These negative findings would alone indicate that if nicotine alters operant behavior because of general rate-altering effects, the effect would be expected to be a decrease in response rate. The inconsistency between these previous findings and the present results could be due to the type of reinforcer (food pellets versus water, alcohol or sucrose) or some aspect of the conditioning environment or training parameters. Alternately this inconsistency, at least in the case of sucrose, may be due to anorectic effects of nicotine (Dandekar et al. 2011) overcome in the presence of a highly palatable reinforcer.
Testing phase
There was a forced-abstinence dependent increase in responding for the water or sucrose-paired cue following a saline challenge injection. While 'incubation of craving' for sucrose and several abused drugs has been well characterized, this is the first report we are aware of regarding an incubation of water craving. We have considered incubation to be reflective of enhanced motivational attribution to reinforcement-paired stimuli . Given these results with a waterpaired cue in rats that were not water deprived at testing (nor during the vast majority of training), it appears that even the relatively low reinforcing efficacy of water (compared with sucrose) leads to incubation of craving and/or that a component of the incubated responding is not explicitly tied to reinforcement but to some other aspect of learning. This novel finding will be of interest in further evaluation of the generality of the incubation of craving effect.
A history of nicotine injections did not predict the active lever response rates of animals following a saline injection (Sal) in what is essentially an extinction session with access to a cue (tone + light stimulus) that was previously associated with either water or sucrose SA (Figs 3 & 4) . The lack of effect of nicotine paired with SA on subsequent responding with access to the cue also previously associated with nicotine is surprising if nicotine did enhance incentive motivational properties of either the primary (water or sucrose) or the secondary (tone + light cue) reinforcers during training. It would seem that such an enhancement would have carried over to the testing phase as enhanced responding for the cue, now functioning as a conditioned reinforcer. That being stated, our results are consistent with those of Lê et al. (2003) , who reported that extinction responding was similar in rats with or without a history of nicotine paired with alcohol SA. As noted above, nicotine was found to increase alcohol SA in that study.
In contrast to the lack of effect of previous exposure to nicotine on responding for water or sucrose cues in the present study, the second phase of testing revealed a rather striking effect of nicotine history. A history of nicotine paired with sucrose, but not water, SA resulted in a significantly higher rate of responding following the acute nicotine challenge (Nic). This was the case when comparing the sucrose SA NPD group against either the NUP or Saline groups challenged with nicotine OR when comparing all three groups against their own responding following the saline challenge. As the arrows in Fig. 4 indicate, NPD rats responded more than the NUP and Saline groups following Nic AND the NPD rats increased responding following Nic versus Sal while the NUP group responded at a similar rate following either challenge. The Saline group actually responded less following Nic. The results with the NUP group indicate that the enhanced responding following Nic in the NPD group was not due to a pharmacological sensitization due to a 8 Jeffrey W. Grimm et al. history of nicotine exposure. The decreased responding by the Saline (nicotine naïve) rats following nicotine could be indicative of an acute rate-suppressant effect of nicotine (Clarke & Kumar 1983) . The enhanced responding in the NPD group may be explained by the learning history of these animals, specifically in how nicotine came to predict and/or accompany sucrose SA. Nicotine has been shown to potentiate responding for conditioned reinforcement (Olausson, Jentsch & Taylor 2004a ). The present study extends these findings to a potentiation of conditioned reinforcement that depends on a history of nicotine paired with primary reinforcement. This effect is reminiscent of a 'state dependence' where memory for an association is only recalled when under the same pharmacologically induced state as was in place during conditioning (Overton 1964) . Our results, where responding for the sucrose cue was no different for rats with or without a history of nicotine but much greater following a nicotine challenge in rats with a history of nicotine paired with SA, could fit with a statedependence interpretation. However, an alternate explanation would be that in this instance nicotine serves as a discriminative stimulus or 'occasion setter' such that responding on the Test day is most robust only when the complete set of predictive stimuli (nicotine + sucrose cues) are available. Nicotine has been shown to serve as a discriminative stimulus (Palmatier & Bevins 2008) . Furthermore, Bevins and colleagues have demonstrated a role for nicotine as a CS+ or CS-itself (Murray & Bevins 2007; , and that the interoceptive stimulus effects of nicotine can even overshadow a light stimulus in gaining control of conditioned responding for sucrose . Clearly, nicotine has a powerful ability to serve as an informative cue. Our findings further indicate that these properties are longlasting as nicotine retained its ability to potentiate sucrose cue-reactivity for 1 month after the last exposure of rats to the drug.
The present findings and previous reports of reinforcer-enhancing and information-signal qualities of nicotine fit with the growing consensus that nicotine has more than one stimulus property (e.g. Caggiula et al. 2009 ). Furthermore, for our rats, the conditioned effects of nicotine were mostly limited to when nicotine was present. These different stimulus effects may be mediated by dissociable neurochemical actions of the drug. As noted above, nicotine would likely potentiate responding for incentive stimuli through mesolimbic dopamine activation (Reid et al. 1996; Shearman et al. 2008; Kleijn et al. 2011) . Conditioned contextual effects (e.g. CS+ and CS-) may be due to the activation of cholinergic receptors in hippocampal and frontal cortical regions (Rosecrans 1989; Pirch, Turco & Rucker 1992; Kenney & Gould 2008) . The effects may combine to give nicotine its truly unique behavioral pharmacological profile. Even more, given the fact that sucrose cue-reactivity was potentiated by nicotine after either 1 or 30 days of forced abstinence from sucrose SA and nicotine exposure, learning-related neuroplastic changes due to nicotine exposure may be responsible for the persistence of nicotine addiction.
A final observation is that the effects of nicotineenhancing behavior in the present study were paralleled by the development and expression of locomotor sensitization to nicotine (Clarke & Kumar 1983; Ericson, Norrsjo & Svensson 2010) . NPD rats increased daily photobeam breaks across the 10 days of training. Upon testing with nicotine, rats with this history of nicotine paired with sucrose SA had more photobeam breaks than rats that received nicotine unpaired with the operant conditioning chamber. It is possible that sensitization of neural circuits mediating this locomotor change account for the operant behavior. For example, Reid et al. (1996) described a context-dependent nicotine locomotor sensitization that was accompanied by a preferential increase in nucleus accumbens dopamine, as compared with rats in a pseudo-conditioned group. Sensitized accumbal dopamine could mediate both elevated locomotor and operant response behaviors. However, this conclusion is tempered by observations in the literature and within the present data set. In the literature, it is clear that while locomotor sensitization sometimes accompanies potentiated operant responding (e.g. Olausson, Jentsch & Taylor 2004b) , locomotor sensitization does not necessarily account for potentiated operant responding. For example, incubation of craving is not accompanied by locomotor sensitization (Grimm et al. 2006) . Furthermore, while locomotor responding was greatest following nicotine challenge on the Test day in groups that had a history of nicotine paired with training ( Figs 3 & 4) , within-group correlations between active lever responding and photobeam breaks were not significant and nearly absent (for example the Pearson's r for the NPD group with a history of sucrose SA was r = 0.2, P = 0.4 for the first hour of responding and r = 0.03, P = 0.9 when examining the first 2 minutes of responding only, n = 23, data not shown). For these rats, general locomotor activation accompanied the enhancement of responding for a sucrose-paired cue by nicotine, but the relationship between these measures was not consistent from animal to animal. Finally, perhaps a more convincing dissociation between locomotor sensitization and cue reactivity in the present study are the findings that acute nicotine increased locomotor activity in NUP and NPD rats with a history of water SA but did not affect water cue reactivity (Fig. 3) AND that acute nicotine selectively enhanced cue reactivity in NPD rats with a history of sucrose SA but increased locomotor activity in both NUP and NPD groups with a history of sucrose SA (Fig. 4) .
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